Abstract The development of scoliosis in animal models after inducing asymmetric rib growth suggests the possible role of asymmetric rib growth in the etiopathogenesis of adolescent idiopathic scoliosis (AIS). Asymmetric rib length is well recognized in idiopathic scoliosis; however, whether this rib asymmetry is primary or secondary has not been clearly documented. The objectives of this study were to investigate any rib length asymmetry in patients with AIS and compare those with scoliosis with syringomyelia (SS) with the intention of elucidating any relationship between rib growth and pathogenesis of AIS. Forty-eight AIS and 29 SS with apical vertebrae located between T7 and T9 were recruited. The average age was 13.5 ± 2.3 versus 12.5 ± 3.4 years, and the average Cobb angle of thoracic curve was 43.3°± 16.4°versus 45.6°± 22.6°in patients with AIS or SS, respectively. The length of all ribs was measured from the tip of costal head to the end of the same rib by built-in software on spiral computed tomography. At the levels of the apical vertebrae, the vertebrae above and below the apex, the mean discrepancy in rib length (concave minus convex rib) was 7, 4 and 7 mm, respectively, in AIS group (p \ 0.01), and 6, 5 and 7 mm in SS group, respectively (p \ 0.01). The rib length discrepancy between concave and convex sides was significantly correlated with the magnitude of the Cobb angle of thoracic curve in both AIS and SS groups (p \ 0.01). Similar findings of the asymmetry of rib length in both AIS and SS patients pointed strongly to the fact that the rib length asymmetry in apical region is most likely secondary to the scoliosis deformity rather than playing a primary role in the etiopathogenesis.
Introduction
Adolescent idiopathic scoliosis (AIS) is the most common type of spinal deformity arising during peripubertal period. Scoliosis may deteriorate progressively leading to significant cosmetic problems and functional disabilities. A number of hypotheses concerning the etiology of AIS have been proposed, including neuromuscular, genetic, mechanical, growth-related, and developmental factors, but the exact mechanism of development of AIS remains unclear so far [1, 2, 12, 15, 24] .
The stability of the thoracic spine is maintained and supported equally by the ribs from both sides [23] . Experimental, clinical, and biomechanical observations have suggested possible role of rib length asymmetry in the development of spinal deformity [9, 10, 14, [16] [17] [18] 20] . Langenskiold [9] found that unilateral resection of the posterior ends of ribs could induce progressive scoliosis in young rabbits. Shortening or elongating the ribs has also been shown to affect the development of the spinal column and subsequently resulted in scoliosis deformity [18] . Similar phenomenon was also observed in clinical studies of human [7, 10] . Loynes [10] reviewed the results of 243 patients treated with thoracoplasty for pulmonary tuberculosis and found that scoliosis developed in over 99% of the cases.
Despite the many reports on the development of scoliosis following iatrogenically induced rib asymmetry, few have focused on the association of rib length asymmetry with idiopathic scoliosis. Furthermore, it has not been clearly documented whether the presence of rib asymmetry in idiopathic scoliosis was primary or secondary [5, 6] . In the present study, the lengths of the 1st to 12th ribs (both the concave and convex side) in patients with AIS and scoliosis with syringomyelia (SS) were measured by computed tomography (CT) using multi-projection volume reconstruction method. The objective of this study was to elucidate the possible role of rib asymmetry in the pathogenesis of AIS by comparing the convex-concave rib length discrepancy between two groups of scoliotic patients with different etiology but with similar curve pattern and curve magnitude.
Patients and methods

Clinical data of patients
From 2007 to 2008, 77 adolescent scoliosis patients with age less than 18 were enrolled into this study and subgrouped into AIS and syringomyelia groups following detail clinical and radiological assessments. The inclusion criteria were: main thoracic curve with apical vertebra between T7 and T9, Cobb angle less than 110°. All patients had spiral CT scans under a strict protocol. The exclusion criteria were scoliosis of congenital, metabolic etiology, skeletal dysplasia and known endocrine or connective tissue abnormalities; history of previous spinal or thoracic surgery or any surgery which might affect the rib and spinal growth. Ethical approval was obtained from the University and Hospital Research Ethics Committee. Informed consent was obtained from all study subjects and their parents or guardians before the CT investigation and measurements were conducted.
The AIS group consisted of 48 patients with right side thoracic scoliosis. All subjects underwent full clinical and radiological examination to rule out other causes of scoliosis and to ascertain the diagnosis of AIS. There were 8 males and 40 females with a mean age of 13.5 ± 2.3 years (range 10-18 years) and an average Cobb angle of 43.3°± 16.4°(range 25°-100°).
Twenty-nine age-matched patients with scoliosis associated with syringomyelia and Chiari I malformation were selected as control for comparison (SS group). Among them, 16 patients had right sided and 13 with left sided thoracic scoliosis. The diagnosis was based on whole spine MRI scanning study. There were 19 males and 10 females in SS group with a mean age of 12.5 ± 3.4 years (range 9-17 years) and an average Cobb angle of 45.6°± 22.6°( range 25°-105°).
Rib length measurement
All subjects underwent spiral CT from T1 to T12. The CT examinations were performed by a spiral CT scanner (LightSpeedÒ16, GE Healthcare) with the following parameters: 400 mA s, 120 kVp, 0.625 mm thicknesses, with 5 mm gap between slices. The lengths of all ribs were measured by multi-projection volume reconstruction method using Volume Viewer (GE Medical system) workstation ( Fig. 1) . Images of three-dimensional (3D) reconstructions were correlated for the exact vertebral level of each rib. The tip of costal head and the osseous end of the same rib were selected on the 3D reconstruction image.
Each rib was traced and reformatted into a straight line after which the length of the rib was measured. The value of rib length on the convex and concave side was calculated by the mean value of the rib lengths measured by two observers. The discrepancy of the rib length (as defined by laterality) was calculated from the concave rib length minus the convex rib length at the same level. The equation for laterality (%) is defined as follows: laterality
The inter-observer variability of the rib length measurement was 11.4% and the reliability was 96% with a kappa value of 0.938 (Landis and Koch's [8] 
Statistical analysis
All data were expressed as mean ± standard deviation (SD). SPSS/PC 13.0 (SPSS Inc., Chicago, USA) was used on all statistical computation and analysis. Comparison of rib lengths between concave and convex sides was performed by paired Student's t test. The Pearson correlation analysis was used to evaluate the relationship between the extent of discrepancy of the rib length and the Cobb's angle Eur Spine J (2011) 20:254-259 255 in AIS and SS, respectively. A value of p \ 0.05 was considered statistically significant.
Results
No significant difference was found between AIS and SS groups in comparing the age and thoracic curve magnitude. In AIS group, laterality of rib length was statistically significant from 8th rib to 12th rib. No significant difference in the rib lengths between two sides could be found for the upper seven ribs (p [ 0.05; Table 1 ). The rib lengths on the concave side were significantly longer than those on the convex side in the apical region in both AIS and SS groups (p \ 0.01). At the levels of the apical vertebrae, the vertebrae above and below the apex, the mean rib length discrepancy (concave minus convex rib length) was 7, 4 and 7 mm, respectively, in AIS group (p \ 0.01), and 6, 5 and 7 mm in SS group, respectively (p \ 0.01). However, there was no significant difference in rib lengths between two sides for upper and lower end vertebrae in both AIS and SS groups ( Table 2) .
In both AIS and SS groups, the mean rib length discrepancy of apical vertebrae was positively correlated with the Cobb angle (for AIS group, r = 0.429, p = 0.003; for SS group, r = 0.556, p = 0.001).
Discussion
AIS is considered primarily a deformity of the spine, although it is associated with asymmetries of the entire trunk. Though the etiology is still not clear, its association with abnormal growth during the adolescent growth spurt has been widely reported. This included anomalous growth of the vertebrae, muscular imbalance, central or peripheral nerve impairment or asymmetric growth of the ribs [3, 4, 9, 11, 14] . The stability of the thoracic spine is maintained by equal support through the ribs from both sides. Previous studies demonstrated that the rib length of bilateral sides was isometric in subjects without scoliosis [6, 13] . The observation suggested that a balanced rib cage with symmetrical rib length might be an important factor for maintaining a straight spine. The load from a rib is likely to be transmitted to the transverse process through the costotransverse articulation and ligament. From there the load is transferred onto the lamina, and then the body of the lower vertebra through the facet joint and its pedicle. Asymmetric growth of the ribs, therefore, might play an apparent mechanical role in the development of scoliosis [17, 21, 23] . This is supported by animal models with induced scoliosis after rib resection or rib elongation [14, 17, 20] , as well as clinical observation of development of scoliosis after rib resection [7] or thoracoplasty [10] .
Previous studies have attempted to demonstrate the asymmetry of rib or rib cage in scoliosis. Normelli [13] compared cadaveric specimens of rib cage in patients with scoliosis and that of the control group. It was found that the ribs on the concave side have an average of 4 mm longer than those on the convex side but the difference was not statistically significant due to the relatively small sample size. Stokes studied the asymmetry of rib cage shape in scoliosis patients by stereoradiographic 3D reconstruction. Rib length asymmetry was observed in different curve types when compared with normal controls. The mean rib length differences in patients with single thoracic curve, single lumbar curve and double curve were 1.39, 3.57 and 3.18%, respectively [22] . Kasai [6] measured the lengths of ribs from 7th to 12th of patients with idiopathic scoliosis using the multi-projection volume reconstruction method on CT. A significant difference was observed in the 11th and 12th ribs but not in 7th, 8th, 9th, and 10th ribs. Kasai [6] speculated that the laterality of rib length was not true in scoliosis as the 11th and 12th ribs were floating ribs.
In the current study, significant discrepancy of rib length was observed at three levels including the apical vertebrae, the vertebrae above and below the apex in both the AIS and SS groups. The rib lengths on the concave side were significantly longer than those on the convex side. It was also interesting to note that significant positive correlation existed between the rib length difference and Cobb angle in both groups. However, no significant rib length discrepancy could be found in other levels and the non-scoliotic vertebral levels.
Similar findings of the asymmetry of rib length in both AIS and SS patients pointed strongly to the fact that the rib length asymmetry in peri-apical region is most likely secondary to the scoliosis deformity rather than playing a significant primary role during the initiation of the curve. First, unlike AIS, the etiopathogenesis of scoliosis Table 1 Rib lengths and laterality between two sides in AIS (n = 48) T1   T2   T3   T4   T5   T6   T7   T8   T9   T10   T11 associated with syringomyelia is relatively clear [25] , which is explained by alteration in the innervations of the trunk musculature. Second, there was a significant positive correlation between the rib length difference and Cobb angle in both groups from the results of current study. The asymmetric load on bilateral side of the ribs could lead to asymmetrical growth in the ribs. The resulting rib length discrepancy in the apex vertebral region could, by itself, also affect the mechanical stability and growth of the thoracic spine and thus create a vicious cycle contributing in part to the progressive deformity; however, this is not unique in idiopathic scoliosis but a general principle applicable to other kind of scoliosis including SS as aforementioned. One limitation of this study, of course, is that it is a cross-sectional study; therefore, we cannot confidently state that those patients with AIS do not have the rib discrepancy to start with, and current study also does not rule out rib-muscle as a causative factor; however, as we notice there is a positive correlation of mean rib length discrepancy at apical vertebra with the Cobb angle, even there is pre-existing rib length asymmetry in AIS (which is minimal before the curve starts to develop), the further progression of asymmetry is likely explained by secondary remodeling of the ribs which is caused by asymmetrical lateral forces from the spine. Another possible explanation of current finding was that the pathogenesis of the scoliotic deformity in AIS and SS groups is the same and that the SS group only presents a variation of the AIS group (with the syringomyelia adding some other characteristics like more kyphosis and other atypical curve patterns). But such hypothesis deserves further exploration to validate. A recent theory for the etiology of idiopathic scoliosis suggested that AIS might be related to the disturbance of the underlying autonomous nerve system [2, 19] .
In conclusion, rib length asymmetry was found around the apical vertebral levels in both groups of scoliotic patients with idiopathic cause and those associated with syringomyelia. The findings suggested that the rib length asymmetry is most likely secondary to the spinal deformity rather than causative factor of AIS. As the rib length discrepancy is positively correlated with Cobb's angle, it might be an associated feature relating to progression of scoliotic curve. However, the above speculations need to be substantiated by further longitudinal studies. 
